Techniques have been developed over the past two decades to site-specifi cally assess effects of contaminants on the health of fi sh populations using a sentinel species approach. National environment effects monitoring (EEM) programs have been implemented in Canada for pulp and paper effl uents since 1992 and liquid metal mining effl uents since 2002 to monitor effects of these discharges on the health of fi sh populations. The major criticisms of past EEM fi sh population surveys can be separated into concerns about the adequacy of the reference sites, the potential impacts of confounding factors, the ecological relevance of endpoints used, the infl uences of natural variability, concerns over statistical design issues, and potential genetic infl uences on species characteristics. This paper provides input to deal with these issues and guidance on the selection of sentinel species, timing of sampling, and nonlethal sampling methods to evaluate the health of fi sh populations. Sample size requirements, effect sizes, and power analysis are also discussed as well as data analysis guidance needed to obtain reliable results.
Introduction
Environmental monitoring frameworks to assess the impacts of contaminants on fi sh populations have been developed and improved over several years (Colby 1984; Ryder and Edwards 1985; Munkittrick and Dixon 1989a, 1989b; Munkittrick 1992; Gibbons and Munkittrick 1994; Power 1997; Sandström et al. 2005) . These frameworks evaluate environmental impacts on fi sh populations by assessing changes in population characteristics such as age structure, energy expenditure, and energy storage relative to reference site(s). The goal of the analysis is not to provide a defi nitive assessment of impacts or causes of impacts, but rather to document changes from reference conditions over time and determine the focus of followup studies. This iterative monitoring framework was used in the development of the adult fi sh population survey component of Canada's national environmental effects monitoring (EEM) program for industrial wastewaters (Ribey et al. 2002) .
The EEM program is a mandatory, regulated, cyclical monitoring program for the pulp and paper and metal mining industries to assess whether mills and mines in compliance with their effl uent discharge regulations are associated with environmental impacts on fi sh or benthic invertebrates (Walker et al. 2002) . The pulp and paper and the liquid metal mining effl uent EEM programs are currently in their fi fth and second cycles of monitoring, respectively, and more than 300 fi sh population surveys have been conducted as part of the programs. The fi sh population survey provides an assessment of whether there are differences in the growth, reproduction, condition, and survival of the fi sh populations between exposed and reference areas or within an exposure area where there are gradually decreasing effl uent concentrations.
The EEM program was designed in a cyclical nature to determine whether changes are present at a suffi cient size such that additional, more detailed studies are needed. The design of EEM is such that this determination requires confi rmation in a subsequent cycle of monitoring, and moving to more detailed monitoring or examination requires that effects exceed a critical effect size (CES). To evaluate the effects of stressors on fi sh populations, the following questions need to be addressed: Is there an effect? Is the effect stressor related? Is the magnitude and extent of the effect known? Is the stressor-related cause of the effect known?
The major criticisms of past EEM studies (and fi eld studies in general), can be separated into concerns about the adequacy of the reference sites, the potential impacts of confounding factors, the ecological relevance of endpoints used, the infl uences of natural variability, concerns over statistical design issues, and potential genetic infl uences on species characteristics. This paper will provide input to deal with these issues and discuss study design considerations, including guidance on the selection of sentinel species, timing of sampling, sample size requirements, nonlethal sampling methods, and data analysis.
Monitoring Level and Endpoints Used
Any "impact" at a biochemical, individual, population, or community level has to be evaluated in terms of the consequences of the change as it affects the sustainability of the ecosystem. Individual organisms may survive numerous biochemical impacts and populations may survive numerous individual impacts. Designing a monitoring program at the fi sh community level puts constraints on adaptive management (an iterative process of decision making that uses the results of previous studies to provide feedback on whether ecosystem objectives are achieved). Fish community changes are ecologically relevant (but have a long time lag before they are detectable), may be diffi cult to reverse, and may be the result of changes that are diffi cult to specifi cally defi ne. At the other extreme, biochemical responses happen quickly and can more often be related to specifi c causes, but may have little ecological relevance and be easily reversed. It is important that whatever level is focused on, that the assessment approach balances protection and detection, with reversibility and relevance. The system needs to give enough warning that there is time to respond, but still relates to relevant effects.
Monitoring fi sh health at the population level has several advantages. The population level approach offers a compromise between the sensitivity and reversibility of biochemical approaches and the relevance of community level endpoints. Monitoring at the community level can potentially miss irreversible, important effects at the population level. Delays in sexual maturity, altered growth, changes in fecundity, and depressions in storage of energy reserves put fi sh at risk, and knowing this level of risk is important to the management of ecosystems.
In the EEM program, fi ve indicators of fi sh health or effect endpoints are used to assess fi sh population health.
These are age (indicator of population survival), weightat-age and relative gonad weight (indicators of energy use), and relative liver weight and condition (indicators of energy storage). Other data such as fecundity and egg weight are also collected and are used as supporting data. It is important to emphasize that the program is iterative and that the outcome of comparisons is to emphasize areas of focus for subsequent monitoring cycles. For example, impacts showing signifi cant decreases in growth, gonad size, liver size, and condition would emphasize challenges with food limitation and suggest increased emphasis on evaluating food and habitat availability (Table 1 ) (the EEM program also has components requiring assessment of fi sh habitat and fi sh use).
Mean age is meant to give an assessment of the relative ages of the reference and exposed fi sh populations. If size-selective gear such as gillnets are used, and there is a signifi cant difference in mean ages of fi sh sampled at both sites with identical gear, the difference points to a need in the subsequent cycles to further investigate the population and the reason for the difference. Methods of aging should be consistent at each sampling area and among cycles, and appropriate quality assurance/ quality control procedures followed (e.g., independent confi rmation). If fi sh cannot be aged reliably or if it is not cost/time effi cient, the age can be determined by using size-frequency distributions. This may be especially useful when sampling small-bodied fi sh species or when conducting nonlethal sampling techniques. It may also be possible to confi rm the size-frequency distributions by aging representative subsamples from each size class. See Nielsen and Johnson (1983) for more information on size-frequency distributions.
Both size-at-age (growth) and the reproductive measures are meant to give an assessment of the ability of the fi sh to utilize the food available to them. Growth is the change in size (weight or length) with time or age. In the case of growth, it may be helpful to collect information on other age classes. For example, it may be important to determine whether there are changes in growth of early life stages. This will assist in determining the magnitude of the effect. Subsequent monitoring should focus on confi rming responses detected, and examining the relevance of the changes to other size classes and species.
Reproduction can be expressed as reproductive effort, fecundity, egg weight, or gonad weight relative to body size. Reproduction may be the most sensitive measurement in resident fi sh, and is of high ecological relevance. Changes in reproductive investment can be evident within a year (Bowron et al. 2009 ) since the reproductive tissue is generally turned over annually. Fecundity and gonad weight are easy to measure if an appropriate sampling time is chosen . In terms of a change in gonad size, additional work related to magnitude could be focused on determining whether the change occurs at other times of the year (for multiple spawners). Studies related to magnitude could also focus on asking whether the changes are present in other species in the same exposure area.
Measures of stored energy reserves provide valuable information on the effi ciency, availability, and quality of food available to the fi sh. The EEM program uses condition (length to weight relationships) and liver size as indicators for this information. As with other indicators, the consistency in response between indicators is important. Liver size can increase for several reasons, including storage of lipids and glycogen, and enhanced detoxifi cation activity. Analysis of data shows that there is a high amount of overlap in the information provided by condition and liver size (Fig. 1) . Multidimensional scaling ordination of the benthic and fi sh responses from Cycle 2 of the pulp and paper EEM clearly show that fi sh population endpoints and benthic endpoints in the program give different information, as evidenced by the differences in the orientation of the principle component correlation vectors. It also shows that gonad size and age pull in opposite directions (i.e., smaller gonads pull in the same direction as younger-aged fi sh, and vice versa). Differences in the relative responses can be used to highlight response patterns (Hewitt et al. 2005) .
Basic Study Design Concerns

Reference Sites
The most common study designs for fi sh population health assessments are control/impact designs and gradient designs. It is now common in these assessments to use multiple reference sites. Including additional reference sites increases the ability to evaluate issues related to natural variability, ecological relevance, and confounding factors, and improves the ability to evaluate the adequacy of the chosen reference site(s). However, the increased cost of using multiple reference sites has limited the implementation of better study designs. Over the fi rst three cycles of monitoring in the pulp and paper EEM program, there has been a trend towards using more reference sites. In Cycle 1, 3% of studies used multiple reference sites, in Cycle 2, 9%, and in Cycle 3, 25% used multiple reference sites.
The choice of reference area is a typical criticism of studies. Ideally, the reference site in riverine assessments would be located upstream of the stressor, in similar habitat, free of confounding infl uences, with a natural barrier that limits movement between sites, but this situation is seldom available. There are several main issues involved in the selection of a reference site, including whether the site is comparable in terms of habitat, is free from the stressor of concern (exposure) and from confounding infl uences, or is open to movement of fi sh from the exposure site (fi sh in an upstream reference area could have been exposed previously or fi sh in the exposure area could be transient, reducing exposure to potential effects).
Studies that use a gradient approach and multiple reference sites are stronger than studies that depend on a single reference site. There are several new approaches to trying to deal with problems with reference sites, including reference condition approaches (Bailey et al. 1998 ) and using negative reference sites (using the exposed site as your reference; Vallières et al. 2007 ). Regardless, the existence of consistent changes over time increases the level of confi dence that the changes are real. Follow-up studies must evaluate the adequacy of the reference site(s) especially if consistent results are not found.
Confounding Factors
In the second cycle of Canada's pulp and paper EEM program, almost 80% of the studies that concluded there were effects also recorded the presence of confounding factors in their interpretation of effects (Lowell et al. 2003) . A long list of potential confounding factors exist at most sites, including other outfalls, habitat changes, historical uses and contamination, tributaries and nonpoint source inputs, among many other factors. In highly confounded situations, alternative methods should be considered, but it should be emphasized that it is possible to get interpretable fi eld results at most sites with adjustments to the study design. There is no consensus as to what constitutes suffi cient data to demonstrate that other discharges or contaminant sources are primarily responsible for observed changes or absence of observed changes. If changes are seen and thought to be potentially contributed to by confounding infl uences, the objective of subsequent study designs should be to eliminate the confounding infl uences as being a signifi cant contributor to the issue.
Ecological Relevance of Endpoints Used
There are ongoing concerns expressed about the ecological relevance of the endpoints used in fi sh population health assessments. Changes in indicators of growth, reproductive performance, age distributions, and body condition are of ecological relevance, but the concern expressed by some is that the relevance of changes in these indicators to the population levels is unknown. While it is possible to mathematically model the population consequences (e.g., Miller et al. 2007; Watanabe et al. 2007) , such modelling efforts ignore site-specifi c factors that determine the population-level consequences of change, including mobility, refugia, species interactions, and seasonal changes in environmental conditions.
Decisions about measurement endpoints require consideration of factors related to the time scale of responses, their reversibility, sensitivity, and their ability to be linked to causative agents. There is general agreement that the loss of an important fi sh species or the presence of contamination that affects the consumption potential of fi sheries resources are changes that are important to people. The retrospective assessment process described here is meant to provide some information on how close we might be to thresholds where we need to become concerned before an important species is lost.
Decisions regarding monitoring level (community, population, individual, biochemical) are a compromise between confl icting concerns over ecological relevance and ease of detection with those of time scale of response, reversibility, and ability to indentify cause. While many jurisdictions and studies focus at the community level (e.g., Hall et al. 2009; Karels and Niemi 2009) , the Canadian EEM program did not focus on this level because of a variety of issues, including the diffi culty in nationally standardizing an approach, the iterative nature of the program, effort and cost of good community programs, and analytical concerns over the seasonality and ability to isolate the causes of any changes detected.
In Canada, the Fisheries Act requires that we protect fi sh, fi sh habitat, and human use of the fi sheries resource. The EEM program addresses those three aspects using the adult fi sh survey (discussed here), an invertebrate community survey (to assess fi sh habitat), and fi sh tissue studies (human use of fi sheries). Within the program, additional methods are incorporated following the confi rmation of effects of the discharge in the investigation of cause and solutions portion of the program or for more research-related studies.
Other jurisdictions (such as Sweden) incorporate impacts at biochemical, individual, population, and community levels (Swedish EPA 1997) . This was not done in Canada because of the diffi culty in incorporating effect sizes and thresholds at the biochemical level for all of the more than 60 species ) that have been used across the country, and at the community level because of the reasons outlined above.
Natural Variability
Natural variability is the tendency for endpoint values to change spatially and/or temporally from nonanthropogenic causes. Natural variability is contributed to by a number of components, including annual variability in food availability, habitat quality (fl ow, temperature, etc.), as well as annual variability attributable to sampling design (sampling gear or bias, changes in personnel and training, measurement error, or equipment performance).
There is some overlap and confusion regarding the concerns about adequacy of the reference site, ecological relevance, and natural variability. Natural variability refers to the chance that a specifi c site difference relative to a specifi c reference site would reverse in a different year. Concerns about the adequacy of the reference site are better described by concerns about whether an effect refl ects a true difference associated with exposure to the stressors(s) of interest, and the chance that a different interpretation would occur with the use of a different reference site. The issue of ecological relevance (within this context of variability) refers to the size of the effect relative to the values that could be seen between a variety of reference sites. A difference smaller than what is seen between numerous reference sites is not interpreted to mean that the site-specifi c difference is not real relative to a local comparable reference site, but it does provide input into the ecological importance and the relevance of the difference.
Statistical Design Issues
Statistical design issues can be divided into three main criticisms refl ecting concerns over the number of comparisons made, power analysis, and pseudoreplication.
There have been many expressed concerns about multiple comparisons. In the EEM program a signifi cance level of α = 0.05 is used at the mill or mine level for each comparison. There were several safeguards put into place: progression to a new tier of monitoring only occurs if an endpoint responds above a CES, that effect is confi rmed in a subsequent cycle of monitoring (three years later) in the same direction, and that related endpoints are responding together in an interpretable pattern (eutrophication, food limitation, metabolic disruption). Furthermore, analyses of responses have shown that responses are usually confi rmed in the opposite sex, or a second species (two fi sh species are required for monitoring in the EEM program), and that responses seldom occur individually (<8% of the time).
There has been some debate over the levels of α (the probability of committing a type I error) and β (the probability of committing a type II error) in EEM studies. In earlier cycles of EEM, α was set at 0.05 and β was set to 0.20 (equivalent to a power level of 1 -β = 0.80). The EEM program now recommends that α and β equal one another, letting the risk to the environment (probability of committing a type II error) equal the risk to industry (probability of committing a type I error). If values are set at α = β = 0.10, the sample sizes required to detect the same effect are approximately the same as when α = 0.05 and β = 0.20. Where possible it is encouraged to reduce α = β = 0.05 (the traditional level for α). These recommendations are to help ensure that studies are designed to provide a reasonably high probability of statistically detecting a predetermined effect size (ES) if it has occurred [i.e., the power of the test (1 -β) should be high).
Briefl y, pseudoreplication (Hurlbert 1984 ) arises because it is not possible to randomly assign fi eld sites, and the exposure treatment (exposure site) cannot be replicated. In a river system, it has been shown that, where possible, upstream and downstream data are essential for interpreting the effects of the effl uent . But in these situations, the reference site must be upstream and the exposed site must be downstream (except in unique cases). Since the sites cannot be randomly assigned, there may be factors that have not been controlled (i.e., factors other than timing, sample gear, habitat type etc.) that may account for the differences between sites. Also if a signifi cant difference is detected, this provides evidence that there is a difference between two locations (a site downstream of the effl uent and a site upstream). This difference cannot be interpreted as a difference resulting from the stressor of interest, but only as a difference between two specifi c locations.
EEM studies focus on trying to develop an understanding of that specifi c reach, so that site-specifi c concerns can be identifi ed, and necessary changes can be made on a local basis. Monitoring is conducted over time and consistent signifi cant responses over time are used to direct more focused monitoring to uncover the course of the impact. The ability to extrapolate the results in most studies is not important. Unless there is another site with identical stressors and similar habitats, extrapolation will seldom be possible. It is not possible with data from a single site to make wide conclusions. It must be restricted to comment on one situation and design hypotheses to test at others. The best approach is based on developing an iterative understanding (Hodson et al. 1996) . The conclusion of a round of monitoring should only be used to design subsequent monitoring steps which ultimately lead to uncovering cause, thus the design must be iterative. The repeated observation of consistent changes over a longer time period will increase confi dence that the changes are real and interpretable as differences between sites. An observed change of decreased food availability at a site can equally be interpreted as increased food availability at the reference site. Iterative studies must be designed and used to focus studies to test the validity of the conclusion.
Wide conclusions about the impacts require analysis of data from multiple sites (e.g., Lowell et al. 2005) . With pulp and paper impacts, the studies were initiated in Canada at a single mill (Munkittrick et al. 1991) , expanded to eight mills , and then went to data from 65 mills Lowell et al. 2005) . Meaningful information and industry-and country-wide conclusions can be generated with data from 65 mills, but many monitoring programs will need to make decisions based on a minimal number of reference sites.
Potential Genetic Infl uences
Potential genetics issues include whether the absence of a difference between sites represents genetic adaptation, whether differences between populations are geneticallybased and natural, and whether reductions in genetic variability are an important response on their own. If there is no detectable difference between sites, then for the purposes of evaluating sustainability, the conclusion is that the situation is sustainable, regardless of the mechanism that led to it. If differences exist that are genetically based, the iterative sampling program will eventually lead to a conclusion that the differences between sites are independent of the stressor, and that the situation for the population is sustainable.
The issue of reducing the genetic variability of exposed populations is real (e.g., Bell and Collins 2008) and is thought to represent increased vulnerability of the population. The issue is whether the situation may be close to an unidentifi ed threshold that is only evident through biochemical or chemical measurements, and this issue of potentially more signifi cant lower thresholds is currently beyond the scope of EEM.
Selection of Species and Timing of Sampling
The most important factors when selecting fi sh species for assessing the health of fi sh populations are exposure, abundance, relevance to the study area , and sensitivity to the effl uent. The recommended method for carrying out a fi sh population survey is to monitor adults (sexually mature) of relatively sedentary fi nfi sh that have been exposed to effl uent over a long period of time. In selecting a species, the species selected for previous population health studies should be considered if possible, and preference should be given to: resident (nonmigratory) fi sh species identifi ed in site characterization, sexually mature female and male fi sh species that are abundant in both the exposure and reference areas, fi sh species for which fi shing or sampling permits can be obtained, and fi sh species that have the highest exposure to effl uent.
Some of the challenges related to species selection relate to the attempt to design a single program for multiple purposes. It is very diffi cult to accomplish this. Concerns about contamination of fi shery resources for human consumption would direct the study design to collect a species that is long-lived (so that contaminants can accumulate over a longer timeframe), is piscivorous (so that biomagnifi cation is higher), matures late (to increase concentration), preferably focuses on male fi sh or species that do not spawn every year (so that elimination of contaminants through egg deposition is lessened), and are of importance for local consumption. These characteristics are exact features that decrease the sensitivity for detecting environmental impacts, where the preference is for species that are benthic (because generally they are less mobile), are not commercially or recreationally important (because it obscures determining cause), mature early, contribute a lot of energy to reproduction (so that energy demands are high), and are short-lived (so impacts are recent), and the focus is on female fi sh (environmental impacts are often more serious on female egg producers since female gametes are typically limited relative to male gametes).
There are a number of other factors that need to be considered when selecting a sentinel species (see , including ensuring that the species are active participants in the local aquatic food web. Other life history characteristics, like spawning time and migration, need to be evaluated site-specifi cally because the interaction between discharge site, spawning habitats, seasonal changes in fl ow, and dilution all play a role in infl uencing the importance of the characteristics and how they potentially impact the sensitivity of the monitoring program.
The trend towards the increasing use of forage fi sh species has continued in the EEM pulp and paper program, rising from their use in 10% of surveys in Cycle 1, to 26% in Cycle 2, and 34% in Cycle 3. Their use has several advantages and disadvantages. On a practical level, small-bodied fi sh species are usually more abundant, easy to capture, and more sedentary than larger-bodied fi sh species. Shuter (1990) noted that smallbodied fi sh species were more sensitive to acidifi cation than larger species, or at least responded more quickly to changes in pH. In freshwater fi sh, home range size has been positively correlated with body size (Minns 1995) , and many small-bodied species integrate local conditions very well. On the other hand, they require more sensitive analytical balances, more careful measurement, and are more sensitive to microhabitat differences because they integrate the local habitat so well. They are also more sensitive to differences in timing of sampling .
The suitability of fi sh as sentinels depends on a number of factors, but the timing of sampling is very important. A variety of factors needs to be considered, including potential migratory behaviour of the sentinel species, water conditions (fl ow, turbidity, wave action), accessibility, and the cycle of gonadal development for the sentinel species. If historical data exists, it would be useful to examine that data and, if appropriate, conduct the survey during similar periods so that the surveys can be compared. Similarly, subsequent monitoring should be conducted during similar periods of the year to be comparable if that sampling time makes sense for the study. have developed species-specifi c sampling times for the more than sixty different species that have been used in EEM studies in Canada. The sampling times are based on the reproductive strategies and cycle of gonadal development for each species and are provided in Table 2 along with some species-specifi c aspects that may affect study designs.
Nonlethal Sampling Methods
Nonlethal sampling of fi sh can also be used to evaluate the effects of stressors on fi sh populations. Sample size requirements for these studies are recommended to be a minimum of 100 fi sh older than young-of-the-year (YOY), and an additional 100 YOY fi sh from each study site. It is usually possible to separate YOY from older age classes by size distributions; however, this may not be possible for species with extended spawning periods. If YOY abundance is extremely high (>80 to 90%), the proportion of fi sh that are YOY should be estimated from the fi rst 100 fi sh collected, and then the collection can continue concentrating only on collecting 100 larger individuals for calculating size distributions of older fi sh. The fi sh collected that are older than YOY should represent the whole range of fi sh sizes and be representative of the population (mature and immature). When YOY are abundant and constitute a high relative proportion of the population, there will not be suffi cient information collected on all other size/age classes. In the latter two situations, the collection of the additional non-YOY fi sh allows for a higher discrimination of the older fi sh classes to be achieved. The use of this recommended sample size in each area will give a good idea of the population distribution when plotting endpoints such as the length-weight frequency. As well, when examining differences between the relative abundance of young versus mature fi sh, fairly good resolution is achieved (Gray et al. 2002) .
Fish for nonlethal sampling should be measured for length and weight, and external sex determination should be made if possible (Gray and Munkittrick 2005) . If only adults are used, the priority should be to sample prior to or at the start of the spawning season. However, if YOY are to be collected, the timing should move to the late fall when it will be easier to measure YOY for most species (spring spawners).
The size distribution should be examined as a surrogate for differences in age. If a site difference is present, subsequent monitoring should focus on understanding the difference and possible causes. Size distributions can be analyzed by the KolmogorovSmirnov test, although this test is very conservative. There are challenges to using age information on many short-lived species of fi sh. If a fi sh only lives two or three years, it will not be possible to measure a 25% difference in mean age (CES).
It should be possible at most sites to get an estimate of growth and reproductive success using nonlethal methods. Growth can be evaluated by the size of YOY at the end of the growing season, and by the size of fi sh older than YOY. A comparison of the size of YOY fi sh gives a good indicator of growth since it is a direct indicator, in comparison with size-at-age which is indirect. Differences between sites in spawning times will be integrated into this endpoint. It is also possible to get a growth estimate by a shift in size distributions over time (i.e., repeating measurements two months apart at the same sites), or differences in average size. If the fi sh species chosen is externally sexually dimorphic, it is possible to examine whether there are gender-specifi c differences in growth rate.
Reproductive success can be assessed using relative age class strength or by the relative abundance of YOY individuals (Gray et al. 2002) . A length frequency distribution may be plotted as a surrogate of an age frequency distribution. Size frequency analysis can be used to examine age distributions, size-at-age data, and condition factors for the fi sh (Gray et al. 2002) . It is recommended that, if possible, aging structures be sampled from a subsample of each size class for situations where age may need to be verifi ed. In slimy sculpin (Cottus cognatus), it has been found that there is rapid growth of YOY fi sh in the spring, which can cause some overlap with fi sh older than YOY, making resolution diffi cult (Gray et al. 2002) . Thus, length frequency distributions may be easier to make on late summer and early fall data.
Condition factor can also be evaluated by the relationship K = 100,000 × (weight) / (length) 3 of the fi sh examined (when weight is in grams and length is in millimetres). A large number of areas can typically be sampled using this approach, and it is encouraged to sample multiple exposure and reference areas.
Sample Size Requirements, Effect Sizes, and Power Munkittrick (1992) suggested that 15 to 25 female fi sh of a properly selected species and size range will yield suffi cient information to characterize a population. Data from more than 300 fi sh population surveys from the EEM pulp and paper program have been examined to determine the statistical power to detect a 25% CES in the EEM effect endpoints (10% difference for the condition endpoint) when sample sizes were between 15 to 25. The distributions of observed power levels by endpoint are provided in Fig. 2 . In general, analyses of condition, relative liver weight, and weight-at-age had high power levels to detect an effect equal to the respective CES. The relative gonad weight and age comparisons are typically more variable than the other endpoints and thus these comparisons have lower power to detect effects. The proportions of comparisons with power levels greater than 0.8 by endpoint are 78, 58, 49, 61, and 42% for condition, relative liver weight, relative gonad weight, weight-at-age, and age, respectively. Based on these power levels, a sample size of 15 to 25 per sex and species seems reasonable for a preliminary evaluation, and variability from preliminary studies can be used in power analyses to determine sample sizes required in follow-up studies. An extensive literature review has shown that CESs which have been defi ned in other programs are often consistent with a CES of around 25% or two standard deviations for many biological or ecological monitoring endpoints, and this value appears to be reasonable for use in a wide variety of monitoring programs and with a wide variety of endpoints ). Barnthouse et al. (1989) argue that a 10% change in variables would be societally and ecologically signifi cant, although they were concerned primarily with laboratory toxicity tests and not fi eld surveys. Their proposed CES was deliberately conservative (small) because of concerns about the uncertainty in extrapolating laboratory results to the fi eld (Environment Canada 1998). The EEM program currently uses CESs of 25% for all fi sh population endpoints except for condition which has been set at 10%. These values were chosen primarily on data distributions of observed effects from within the program.
When preliminary analyses show that power will be insuffi cient given reasonable sample sizes, the assessments should be redesigned. Studies are designed site-specifi cally and the priority should be given to reducing variability rather than increasing sample size. CESs in the EEM program are defi ned as percentages of the reference mean and are not represented in the measurement units of the response variable, as these CESs would vary for different studies; therefore the coeffi cient of variation (COV), expressed as a percentage of the reference mean, is used as a measure of variability in sample size calculations (COV = standard deviation / reference mean × 100%). For a basic control/impact ANOVA (analysis of variance) design with untransformed data (e.g., as used for the age endpoint in EEM studies), the estimated sample size required to detect a given ES (effect size) at a given power level can be calculated as follows (Green 1989) : Fig. 2 . Boxplot of distributions of observed power in EEM pulp and paper fi sh surveys by endpoint.
where n is the sample size required at each site, t α and t β are the values of Student's t statistic (two-tailed for t α and one-tailed for t β ) with n -1 degrees of freedom at a signifi cance level of α and β, respectively. COV and ES are each expressed as a percentage. The sample size equation is solved iteratively by choosing an approximate value of n to start with (usually 20). For a basic control/impact ANCOVA (analysis of covariance) design using log transformed data (e.g., as used for the relative gonad weight endpoint), the estimated sample size required to detect a given ES at a given power level can also be calculated by using a different version of equation 1. This equation is as follows (Green 1989) :
where S Z is the standard deviation of the residuals using log transformed data and Δ Z = log(f + 1) , where f = ES represented as a fraction of the reference mean (e.g., ES
of 25%  f = 0.25).
Unusual Observations, Statistical Assumptions, and Data Analysis discuss unusual observations in the EEM fi sh survey data. These observations can occur for a number of different reasons and should only be removed under certain circumstances. Outliers can occur when a test subject that does not belong to the population of interest is included in the study; outliers should be removed if they can be correctly identifi ed. Obvious data entry errors should be corrected if possible and naturally occurring large or small observations should not be removed. Comments associated with unusual observations should be recorded in the fi eld upon sampling to help determine whether data should be removed from an analysis. It is recommended to perform two separate analyses: one containing all data, and another with any outliers removed to determine the consequences of removing the data and to allow the reader to decide whether the observations should be removed or not. The inclusion of immature fi sh data in statistical analyses can provide misleading results. Immature fi sh devote proportionally more energy towards growth, and have varying body size and gonadal growth relationships. For data analysis, fi sh identifi ed as immature should be removed. The gonadosomatic index (GSI = gonad weight / body weight × 100%) can be useful in identifying immature fi sh. For many fi sh species, immature fi sh can be identifi ed as having a GSI of <1%. A plot of gonad weight versus body weight can also be useful in identifying immature fi sh. Comments from fi eld observations may also assist in identifying unusual data that are suspected to be from immature fi sh. If immature fi sh are being used in any data analyses, it should be in comparing immature fi sh to immature fi sh between sites.
(1) (2) The standard statistical assumptions required for many parametric statistical tests are those of independence, normality, and homogeneity of variances. The two parametric analyses used to analyze the EEM fi sh population endpoints are ANOVA and ANCOVA. The assumptions for these tests are discussed below.
Independence (Pseudoreplication).
When designing experiments, it is desirable to ensure that replicates are randomly allocated to different treatment levels such that the response of each replicate is independent of other replicates. This element of randomness provides some assurance that observed differences in responses among treatments result from treatment effects and not for some other reason. Randomly allocating replicates to different treatment levels is a relatively easy procedure when conducting manipulative experiments (e.g., controlled laboratory tests), but is less obvious for observational fi eld studies. Observational studies, such as environmental impact studies (e.g., single stressor EEM studies) or environmental assessments (i.e., multiple stressors), test hypotheses about the presence and magnitude of effects. However, the strength of inferences from these types of experiments is limited for two reasons (Paine 1990 ): the stressor (e.g., mill outfall, hydroelectric dam) cannot be replicated, and stressors cannot be applied randomly to replicates. What this means is that the stressor or treatment is always partly or wholly confounded with space or time and that the observed effects may or may not be caused by the stressor of interest. When signifi cant differences are observed between reference and exposed fi sh populations, it is only possible to conclude there are differences between these two populations, not that the differences were caused by effl uent exposure. Interpreting signifi cant differences as treatment effects when either treatment is not replicated or replicates are not independent is referred to as pseudoreplication (Hurlbert 1984) , as discussed previously.
It is critical that observations be confi rmed, through replication over time, and that some effort be expended to confi rm that the stressors of interest are involved in the responses before attributing cause to any specifi c stressor.
Normality and Homogeneity of Variances
The assumptions of normality and homogeneity of variance should be assessed before applying parametric procedures. However, most univariate normal distribution-based statistical methods are quite robust and can support moderate violations of the assumptions. Transformation of original data will help normalize the data or homogenize the variances. Logarithmic transformations are often preferred because most biological measures are considered to operate on a log or exponential scale (Peters 1983) , and such a transformation is biologically meaningful. If the transformations are unable to produce data that meet the assumptions, then a plot of the residuals may reveal problematic data points that may warrant investigation. Most of the univariate statistical methods are robust under moderate violations of assumptions, with some exceptions, including analyses with small and unequal samples. For serious violations, nonparametric statistics can be considered.
Additional Assumptions
An assumption of ANCOVA is that the independent variable (covariate) is fi xed and measured without error. This assumption is frequently violated and Draper and Smith (1981) discuss the consequences of this violation. This is likely to prove problematic only in situations where the range of the independent variable is very small. The assumption of a linear relationship can be tested for samples with multiple observations at different values of the independent variable. This may be possible for discrete variables such as age, but not for continuous independent variables such as body weight (Environment Canada 1998 ).
An additional assumption of ANCOVA is that the regression slopes of each treatment (site) are parallel. When this assumption is not met, the ANCOVA procedure cannot proceed since there is a covariate by treatment interaction, and differences in the response variable among treatments vary at different values of the covariate. There are a few options for dealing with nonparallel regression slopes in ANCOVA that are useful in analyzing fi sh population survey data. provide two different methods for dealing with data sets with nonparallel regression slopes so that they can be analyzed using the parallel slope ANCOVA model. The fi rst method identifi es data sets where the slopes are forced nonparallel by high-infl uence observations, which can be removed to provide parallel slopes. The second method identifi es data sets where a model with nonparallel slopes is statistically, but not practically, signifi cant and ANCOVA can proceed using the parallel slope regression model. Lowell and Kilgour (2008) provide another method for analyzing data when regression slopes are not parallel. They estimate the effects for smaller (or younger) and bigger (or older) fi sh by calculating the difference in the response variable at the values of covariate where the ranges for each site overlap. These estimates can then be compared to CESs.
It has been suggested that the range of the covariate in ANCOVA should be approximately the same for each site. This will be diffi cult to assure in practice, but the violation of this should be considered when interpreting results from such cases. If there is reason to believe that there are issues with the overlap of the range of covariate values, then a single factor ANOVA can be performed on the covariate values between sites. If the covariate means do not signifi cantly differ between sites, then the results of the ANCOVA will probably be reliable (Quinn and Keough 2002) . A signifi cant difference in the mean covariate values between sites is on its own a signifi cant effect. Things to consider would be the consistency of sampling gear between sampling sites and selection of samples in interpreting differences in the covariate means or ranges observed. It may be appropriate to provide an analysis on a subset of the data, omitting unusually high or low covariate values to provide a reliable analysis. Also, for several small-bodied fi sh species the range of the covariate (age) might only be 2 and 3 or 2, 3, and 4. An ANCOVA with only two or three values of the covariate can provide misleading results. In these cases it is appropriate to perform a one-factor ANOVA on body weight using site as the factor for each age group.
ANOVA and ANCOVA are robust to violations of the assumptions of the test when sample sizes are equal (Huitema 1980; Hamilton 1977) but quite often unequal sample sizes are prone. When assumptions are seriously violated and sample sizes are unequal, nonparametric alternatives to these tests could be considered. The Kruskal-Wallis test on the equality of medians is an appropriate alternative to ANOVA, and several different nonparametric techniques have been proposed for ANCOVA using ranks. Conover and Iman (1982) proposed a nonparametric alternative in which the response and the covariate are replaced by their ranks. The analysis is the same as the parametric ANCOVA using the ranks as data and is the simplest nonparametric alternative. Some other nonparametric alternatives to ANCOVA are discussed in Shirley (1981) and Quade (1967) .
Conclusions
Monitoring fi sh at the population level gives a balance between the ecological relevance of changes at the community level and the sensitivity of responses at the biochemical level. Changes at the population level are important to monitor for the protection of fi sh species. Since the implementation of the pulp and paper EEM program in 1992, there have been many advancements along with new research available to improve fi sh population health assessments. The guidance provided in this paper can be used to improve study designs and the interpretation of fi sh surveys.
It is important that monitoring of fi sh populations is conducted over time so that observations can be confi rmed and follow-up studies can be designed to address issues of concern. Life history characteristics of sentinel species should be studied and species should be selected to best answer the questions of the monitoring program. Monitoring should be conducted at an appropriate time to assess the questions of the monitoring program. Usually 15 to 25 fi sh of each species and sex are suffi cient for preliminary assessments, and power analyses can be used to determine sample sizes for subsequent monitoring. Nonlethal sampling methods have been developed and should be considered if the methods can be used to answer the questions of concern. Careful data quality assurance / quality control and data analysis are necessary to obtain reliable results and design subsequent monitoring.
